soluções aquosas e massa máxima de amostra. Para comparação dos resultados as amostras foram analisadas por espectrometria de massa com plasma indutivamente acoplado (ICP-MS) e espectrometria de emissão óptica com plasma indutivamente acoplado (ICP OES) após decomposição por via úmida em sistema de alta pressão assistida por micro-ondas e também por combustão iniciada por micro-ondas. Não foram observadas diferenças significativas entre os resultados obtidos pelo método proposto e pelas outras técnicas. A exatidão também foi avaliada por comparação com resultados de análise por ativação neutrônica (NAA). A calibração foi possível com soluções de referência aquosas. Os sinais de fundo foram sempre inferiores a 0,02 (altura de pico) e o uso de modificador químico não foi necessário. O método proposto possibilitou a determinação de todos os analitos, com menores limites de detecção quando comparados com as outras técnicas.
Introduction
Since the advent of nanotechnology the development of new materials with a wide range of special properties has been performed for very different applications in almost all technological fields. With the discovery of carbon nanotubes (CNTs) by Iijima, 1 this new class of nanomaterials provided unique chemical, mechanical and electronic properties. In recent years, carbon nanotubes have received a growing interest in several fields as materials industry, electronics, medicine and also in analytical applications. [2] [3] [4] [5] [6] [7] Carbon nanotubes can be described as a kind of graphite structure which is based on benzene-type hexagonal rings of carbon atoms, rolled up in a nanoscale tube (diameter ranging from a few tenths to tens of nanometers). This nanomaterial can be defined as a single-wall carbon nanotube (SWCNT) and when additional graphene tubes are present around the core of a SWCNT, it is defined as a multi-wall carbon nanotube (MWCNT). 8,9 Vol. 22, No. 6, 2011 During the synthesis of CNTs, generally by chemical vapor deposition, arc discharge or laser ablation, it is necessary the use of metallic catalysts and the most common ones are based on nickel, cobalt, iron, lanthanum or their combinations. 2, 8, 9 In general, commercial carbon nanotubes must be submitted to a final processing step for the removal of amorphous carbon, residues of metallic catalysts and side products 10 by chemical and physical methods. 11, 12 However, even after an acid washing step (the most common method for CNTs purification, e.g., 36 h at 80 °C using HNO 3 ), metals are still present in relatively high levels because a significant part of them is sheathed by several graphite layers inside the CNTs structure. 13, 14 The presence of metal impurities can affect the physical, chemical and surface properties of CNTs making difficult their use for industrial applications. 5, 9, 11, 12 In addition, the toxicity by inhalation and the risk assessment have been recently discussed in literature due to the increasing use of CNTs in medicine and related areas. [15] [16] [17] [18] Moreover, the presence of metal impurities can increase the potential risk of these materials. In this way, the development of methods for the determination of metallic elements in low concentration is strongly required for CNTs. 10, 11 The most common way of sample introduction using atomic spectrometric techniques is as aqueous solutions. However, the main problem concerning the determination of impurities in CNTs is the sample preparation step since these materials are extremely difficult to bring into solution in view of their stable structure. 13, 14 Recently, some methods for CNTs digestion have been discussed in literature. Microwave-assisted digestion using a mixture of nitric and perchloric acids (1 h heating) was applied before the determination of Al, Cr, Fe, Mo, and Ni by inductively coupled plasma optical emission spectrometry (ICP OES). 19 In another work, a digestion method of CNTs for metals determination by inductively coupled plasma mass spectrometry (ICP-MS) was recently proposed using a combination of dry ashing and wet digestion, with concentrated nitric acid and hydrogen peroxide for the determination of Cr, Mn, Fe, Co, Ni, Cu, Zn and Mo, and results were compared with those obtained by neutron activation analysis (NAA). 20 In the same work, it was also pointed out the possibility of using microwave-assisted digestion. However, only a very small sample mass (20 mg) of MWCNT could be digested with concentrated nitric acid even by 30 min at 200 °C. 20 In spite of the relatively good results obtained using the previously described procedures, they are considered as time consuming (dry ashing) and required the use of concentrated reagents (wet digestion). As a consequence, they are prone to analyte losses or contamination and can result in generation of highly concentrated acid residues (specially wet digestion). It is also important to mention that incomplete digestion, high acid content (or the presence of perchloric and hydrochloric acids) in the digests can cause systematic errors for the determination using atomic spectrometric techniques. 21, 22 Recently, the determination of Co, Cr, Cu, Fe, Mo, Ni, and Zn by ICP-MS and ICP OES was evaluated after microwave-assisted digestion. Good results were found in comparison with those obtained by NAA. 23 However, only 5 mg of CNT samples were digested even using concentrated nitric acid and hydrogen peroxide by 45 min making difficult to obtain low limits of detection (LOD). In addition, nonspectral interferences caused by carbon residues in sample solution were reported. 23 Microwaveinduced combustion (MIC) has been successfully applied for organic samples most of them considered hard to be digested using concentrated acids in closed systems. This method has been also recently proposed for the determination of La and Ni as catalyst residues by ICP OES, 24 and for halogens determination by ICP-MS and ion chromatography. 25 Despite the previously reported methods for CNTs digestion, some drawbacks can be pointed out as the low efficiency of decomposition and also the interferences that can be caused by the high acid concentration and/or residual carbon content. Moreover, the digestion step is generally associated with a significant dilution and sometimes a pre-concentration and/or matrix separation step might be employed spending more time and reagents. 21, 22, 26 Owing to the limitations of wet digestion, several approaches have been considered for the development of reagent free digestion methods. On this aspect, NAA is one of the most powerful techniques for direct analysis of solid samples and it has been proposed for determination of trace elemental impurities in SWCNT and MWCNT. 10 However, despite some advantages as high sensitivity and selectivity for many elements it requires a nuclear reactor that makes difficult its use for routine analysis. 23 On the other hand, the direct analysis of solid samples has been proposed as an alternative in atomic absorption spectrometry. [27] [28] [29] [30] Direct solid sampling electrothermal atomic absorption spectrometry (DSS-ET AAS) has proven to be a highly worthwhile method for the analysis of several very difficult matrices to digest, as aluminum oxide, 31 silicon carbide, 32 silicon nitride, 33 sand, 34 alumina based catalysts, 35 zirconium dioxide, 36 boron nitride, 37 polymers 38 and graphite. 32 Several advantages of DSS-ET AAS have been reported as the low risk of contamination and relatively small sample mass requirement. As the sample pretreatment step can be minimized or even excluded, this technique allows increasing the sample throughput and hence none or only very small amount of reagents are required. As a consequence, residues generation can be strongly reduced. In addition, the very low limits of detection and relative robustness make this technique suitable for trace element analysis for routine aplication. 27, 32, [39] [40] [41] [42] In the present study DSS-ET AAS was applied to the determination of eight elements (Al, Cd, Co, Cr, Cu, Mg, Mn and Pb) in SWCNTs and MWCNTs. The operational parameters were evaluated in order to achieve feasible calibration using aqueous standards. For accuracy evaluation, the results obtained by DSS-ET AAS were compared with those obtained by ICP-MS and ICP OES after sample digestion and also with the results obtained by NAA.
Experimental

Instrumentation
All measurements were carried out with a Model AAS 5 EA atomic absorption spectrometer (Analytik Jena, Jena, Germany) equipped with a deuterium background correction system, a transversely heated graphite atomizer and an Model SSA 5 manual solid sample introduction system. Pyrolytically coated graphite tubes, platforms, hollow cathode lamps and deuterium lamp were supplied by Analytik Jena. A model M2P microbalance with resolution of 0.001 mg (Sartorius, Göttingen, Germany) was used for sample weighing.
A microwave sample preparation system (Multiwave 3000, software version v1.27-Synt, Anton Paar, Graz, Austria) equipped with high-pressure quartz vessels (internal volume of 80 mL, maximum operating temperature and pressure of 280 °C and 80 bar, respectively) was used for high-pressure microwave-assisted wet digestion and for MIC digestion. Commercial combustion quartz holders (Anton Paar, part number 16427) were used for MIC.
Determination of metals after sample digestion was performed using an inductively coupled plasma mass spectrometer (PerkinElmer-SCIEX, Model Elan DRC II, Thornhill, Canada) equipped with a concentric nebulizer (Meinhard Associates, Golden, CO, USA), a cyclonic spray chamber (Glass Expansion, Inc., West Melbourne, Australia) and a quartz torch with a quartz injector tube (2 mm i.d.). Radiofrequency power was 1400 W, plasma, auxiliary and nebulizer gas flow-rates were 15.0, 1.2 and 1.15 L min -1 , respectively. Measurements were performed using 114 Cd, 59 Co, 63 Cu, 55 Mn, and 208 Pb isotopes. A simultaneous inductively coupled plasma optical emission spectrometer (Model Optima 4300 DV, PerkinElmer, Shelton, CT, USA) was also used for CNTs analysis. A concentric nebulizer and a cyclonic spray chamber (Glass Expansion Inc.) were used. The radiofrequency power was set at 1300 W and plasma gas flow rates were 15.0, 0.2 and 0.8 L min -1 for principal, auxiliary and nebulizer, respectively. The selected wavelengths were 396.152 nm (Al), 228.802 nm (Cd), 228.616 nm (Co), 267.716 nm (Cr), 327.396 nm (Cu), 279.553 nm (Mg), 257.611 nm (Mn) and 220.353 nm (Pb). Instrumental parameters for ICP-MS and ICP OES measurements were selected following the instructions of the respective manufacturer. 43, 44 Argon (99.996%, White Martins -Praxair, São Paulo, SP, Brazil) was used for ICP-MS and ICP OES.
All statistical calculations, including one-way analysis of variance (ANOVA, P < 0.05), were performed using GraphPad InStat (GraphPad InStat Software Inc, Version 3.00, 1997) software.
Reagents and samples
Water was distilled, deionized and purified in a Milli-Q system (18.2 MΩ cm, Millipore, Billerica, MA, USA). Analytical grade nitric acid (Merck, Darmstadt, Germany) was doubly distilled using a sub-boiling distillation system (model DuoPur, Milestone, Sorisole, Italy). Calibration standard solutions were daily prepared by serial dilution of single-element stock standard solutions (1000 mg L -1 in 2% v/v HNO 3 , Merck). Ammonium nitrate (Merck) was used as igniter for MIC method (6 mol L -1 solution in water).
Five commercial single and multi-wall carbon nanotube samples (named as CNT samples A to E) obtained by catalytic chemical vapor deposition with nickel catalysts were used in this study. Sample characteristics are shown in Table 1 .
Procedures
For the proposed DSS-ET AAS method, test samples from 0.05 to 7 mg were weighed directly onto the graphite platform using a microspatula and transferred to the graphite tube using the manual device for solid sample introduction. New graphite platforms were purified by applying consecutive heating cycles using an atomization temperature of 2600 °C until low and constant blank values (integrated absorbances lower than 0.002 s were achieved after two heating cycles). All determinations were carried out without any sample pretreatment. Blank values were determined by performing the complete analysis cycle including the transport of the empty platform from the Vol. 22, No. 6, 2011 balance to atomizer. Calibration curves were obtained by manual pipetting different volumes of the respective aqueous standard solution onto the platform (from 2 to 20 µL). Integrated absorbance mode was used for the evaluation of absorption signals. Owing to the high vaporization temperatures of sample matrix, the cleanout step was shown to be inefficient for sample removal from platform. Sample residues from the graphite platform were easily removed using pressurized air and, as a result, the cleanout step was not necessary. Alternative lines and the use of Ar flow-rate during atomization step were selected when necessary to reduce the sensitivity of ET AAS for quantification for samples with higher analyte contents. Instrumental parameters and temperature programs are presented in Tables 2 and 3 , respectively.
Results obtained by the proposed method for metals determination in CNTs were compared with those obtained by ICP-MS and ICP OES after sample digestion. Microwaveassisted wet digestion was used with 50 mg of sample and 6 mL of concentrated nitric acid (maximum pressure and temperature were set at 80 bar and 280 °C, respectively). Microwave heating program was (i) 1000 W for 60 min (10 min ramp); and (ii) 0 W for 20 min for cooling step. Digestion of CNTs was also performed by MIC for Table 1 was provided by the manufacturer. Table 2 ).
Determination of Metal Impurities in Carbon Nanotubes by DSS-ET AAS comparison of results. In this case, MIC was carried out according to previous works 24,45 using 6 mL of concentrated nitric acid as absorbing solution, 50 µL of a 6 mol L -1 NH 4 NO 3 solution as igniter 46 
Results and Discussion
Pyrolysis and atomization curves
Initially, pyrolysis and atomization curves for Al, Cd, Co, Cr, Cu, Mg, Mn and Pb in aqueous solutions and solid samples were established in order to select suitable conditions for each element. The main aspects considered for this evaluation were the repeatability of absorption profiles, sensitivity and background signal intensity. When the heating program was applied to solid CNT samples the highly refractory matrix remained on the platform practically unchanged even using temperatures up to 2600 °C. As a consequence of the non volatilization of sample matrix, no significant gas-phase interference due to carbon compounds were observed. When analyzing both aqueous standard solutions or solid samples, background signals were always lower than 0.02 (peak height) for all the analytes. The maximum mass loss at 2600 °C was below 2% for all CNT samples. As performed in previous work and based on the thermally stable behavior of sample matrix, a cleanout step was considered as not necessary. 47 Then, after the heating program the platform was removed from the graphite furnace and cleaned using a flow of pressurized air before the next weighing step as previously reported. 32 No memory effects were observed for all the analytes including also carbide forming elements, such as Cr. This effect was evaluated by applying a subsequent heating program without the cleanout step and also matrix removing. However, no difference was observed when compared with the experiment with the removal of matrix after the atomization step.
The use of oxygen flow during the pyrolysis step was also evaluated. In these experiments pyrolysis was applied for 40 s and in the first 30 s an O 2 flow-rate of 0.5 L min -1 was applied. When using oxygen the sample matrix (about 7 mg) was completely eliminated. However, no differences were observed in absorbance or absorption profile for the results with and without oxygen during pyrolysis. Then, in order to avoid the use of an additional gas and also to improve the tube and platform lifetime, the use of oxygen was not considered in this work for further experiments.
Based on these previous tests, pyrolysis and atomization temperatures for Al, Cd, Co, Cr, Cu, Mg, Mn and Pb were established based on the thermal behavior of aqueous standard solution and solid CNT matrix. Table 3 shows pyrolysis temperatures for CNT samples which are the maximum temperatures where no significant losses were observed for both standard solution and solid CNT sample. Pyrolysis temperatures ranged from 600 °C (for Cd) up to 1500 °C (for Al). In general, analyte losses in CNT samples were observed in temperatures between 100 to 200 °C higher in comparison to the temperature where losses in aqueous standard solutions were observed. Atomization temperatures are also given in Table 3 and they ranged from 1700 °C (for Cd) to 2500 °C (for Al, Co and Cr). For most of elements the selected atomization temperatures were comparable to the conditions used in previous work for a similar matrix (graphite) also without chemical modifiers and using the same model of equipment. 32 Using the selected conditions, the platform lifetime was about 400 runs and for graphite tubes it was about 600 heating cycles.
Analytical signals and calibration
Signals for analytes atomized from aqueous standard solution and solid samples presented similar absorption profiles. Figure 1 shows, as an example, the Pb signals for aqueous standard solution and solid samples of CNTs.
It is possible to observe that analyte release from aqueous standard solution (peak a) is slightly faster than its release from sample matrix (peak c). When the standard solution was pipetted onto residual sample matrix (residue of sample remained after the complete heating program which was not removed after previous atomization step) the analyte release was also delayed (peak b). In Figure 1 , peak d, is shown the analytical signal for the standard solution added to the CNT sample A. The highest sample mass that could be weighed in the graphite platform was 7 mg. From the respective signal for CNT sample B (peak e) it is possible to observe that higher sample masses resulted in delayed signals. However, results were considered not statistically different from those obtained with lower sample Vol. 22, No. 6, 2011 masses (ANOVA, P < 0.05). This behavior is generally observed for the analytes vaporization from solid samples and can be attributed to physical (diffusion) and chemical interactions of the elements with the matrix. Taking into account that no significant interferences were observed, this effect was not further investigated in the present work. A similar behavior was observed for other analytes.
For Al, Cd, Co and Cu, atomized from sample matrix, the maximum peak height was about 0.4 to 0.7 s delayed in relation to the signal observed for aqueous solution. In case of Mg, a similar behavior was observed regarding absorption profile for this analyte. No delay was observed for Mg when analyzing solid sample matrix. As example, Figure 2 shows the analytical signals for Al, Co, Cu and Mg in aqueous solution and solid CNT sample. It is important to mention that some differences between the transient signals in atomization from the CNT sample and from aqueous standard solution do not affect the accuracy by using integrated absorbance mode.
The only exception regarding to the analyte release from aqueous standard solution and solid sample matrix was observed for Cr. In this case (Figure 3 ) it was observed Table 3 ). Determination of Metal Impurities in Carbon Nanotubes by DSS-ET AAS J. Braz. Chem. Soc. 1046 a faster release from sample matrix (peak b) when it is compared to aqueous solution (peak a). For both signals b and d spikes of aqueous solutions were added to residual matrix (after atomization) or to the CNT matrix (previously to heating program), respectively. For these signals it is possible to observe that the peak appearance starts before the correspondent to aqueous standard (peak a) or to the normal Cr content in CNT sample (peak c). It can be explained, as expected, by the similar volatility of Cr from spikes.
Chemical modifier
The necessity of using a chemical modifier was also investigated in this work in order to evaluate the thermal behavior of sample matrix and analyte atomization. Palladium solution (correspondent to 5 µg Pd) was added directly on the solid sample after the weighing step on the graphite platform. No differences were observed related to the absorption profile and integrated area with or without the use of Pd. However, for all the analytes an increase in pyrolysis temperature was possible with Pd for both aqueous standard solution and solid CNTs. All signals were completely recorded within the selected integration time with and without chemical modifier. No improvement in sensitivity was found when using Pd. In addition, background signals were always lower than 0.02 (peak height) with or without Pd. Therefore, in order to simplify the analytical method the use of chemical modifier was considered as not necessary in the present work.
Analysis of carbon nanotube samples
In general, analysis of solid materials has been performed using calibration with aqueous standard solutions. 33, 34, 36, [40] [41] [42] Sometimes, solid reference materials can be required or even it could be necessary to add the standard solution onto the residual matrix remaining from the previous sample run. 47 One of the main requirements for the development of a calibration method using aqueous standard solutions is that when analyzing solid samples the matrix effect on the absorbance signal is negligible. In order to verify this effect, characteristic masses were determined with the aqueous standard solution in the absence and in the presence of CNT solid matrix. This evaluation was performed for all the CNT samples. About 7 mg of sample were weighed onto the sample platform and the selected heating program was applied (according to Table 3 ). After finishing the DSS-ET AAS heating program the sample remained practically unchanged in graphite platform. Then, aqueous standard solution was added onto the residual matrix in order to observe the absorption profile for all analytes. Characteristic masses obtained for all investigated elements are presented in Table 4 .
According to the results obtained from this study no significant difference was found between the characteristic masses obtained by pipetting the standard solution onto graphite platform with or without residual sample matrix for all elements. The absorption profile and transiency were delayed in sample matrix as discussed previously, but no significant change in sensitivity was observed (see Figures 1 and 2) . Thus, calibration could be performed for all the analytes using aqueous standard solution added directly onto the graphite platform without sample matrix.
As no certified reference material is available for metals in CNTs, the accuracy of the proposed DSS-ET AAS method was checked by comparison of the results with those obtained by high-pressure microwave-assisted wet digestion or MIC followed by analysis by ICP-MS and ICP OES. Due to the interferences that could be observed for elements with m/z lower than 80 using quadrupole ICP-MS. Results for Al, Cr and Mg were obtained only by ICP OES. Cadmium, Co, Cu, Mn and Pb were determined by both ICP-MS and ICP OES and when their concentration was higher than the LOD no statistical difference (t-test at the significance level of P = 0.05) was observed. Table 5 shows the results obtained by the proposed DSS-ET AAS method and by ICP-MS (for Cd, Co, Cu, Mn and Pb) and ICP OES (for Al, Mg and Cr) after two different sample digestion methods.
No statistical difference (ANOVA, P < 0.05) was observed for the results obtained by DSS-ET AAS and ICP-MS after digestion by both high-pressure microwave-assisted wet digestion and MIC. In addition, Table 2 ). Vol. 22, No. 6, 2011 the results obtained by the proposed method for Co, Cr, Cu, Mg and Mn in CNT sample C were also compared with the results obtained by NAA (see footnotes in Table 5 ). Aluminum, Cd and Pb were not determined by NAA. For
Co, Cr and Mn, no significant difference was observed between the results obtained by the proposed method and those obtained by NAA (results obtained by NAA were lower than LOD for Mg and Cu). For Mg the result obtained by DSS-ET AAS was in agreement with the result obtained using digestion methods. For Cu all the results (NAA and ICP-MS after both digestion methods) were lower than the LOD with the exception of the result obtained by the proposed DSS-ET AAS method. For this sample the use of spikes was the only alternative to evaluate the accuracy (recovery better than 98%). For all elements in Table 5 , relative standard deviations (RSDs) for DSS-ET AAS were between 4.9% (for Cu in CNT sample E) to 14.7% (for Cd in CNT sample A). The only exception was Cd in CNT samples A, C and D (17.0, 16.3 and 15.3%, respectively), and Pb in sample B (20.3%). It is important to mention that these higher RSDs were obtained only for Cd and Pb which were in ng g -1 level. Results obtained by ICP-MS with previous digestion by high-pressure microwave-assisted wet digestion and MIC showed RSD in the range of 3.1% (for Cd in CNT sample B which is in mg kg -1 level) to 15.5% (for Cr in sample B) and 1.7% (also for Cd in sample B) to 16.8% (for Mn in sample A), respectively. For Cd in CNT sample B it was not possible to use DSS-ET AAS due to the high concentration. In general, atomic absorption spectrometry presents limited linear working ranges for most elements. 28 The analysis of solid samples containing high analyte concentrations is limited in this case by the minimum sample amount applicable and by the relative sensitivity of available spectral lines. Moreover, solid samples are very difficult to dilute and assuring suitable homogeneity. This possibility is also restricted by the low availability of very pure solid diluents with similar particle size distribution and mainly by physical characteristics of the diluents that can be different of the matrix to be diluted. In this way, some approaches for sensitivity decreasing sometimes have to be applied to direct solid sampling analysis for relatively high analyte concentrations, as the use of alternative lines and inert gas flow-rate during atomization. In this work, these approaches were used when necessary as can be seen in conditions reported in Tables 2 and 3 (both approaches were used for Al, Cr and Mg).
Regarding to the health concern, results in Table 5 show the necessity to determine metal contaminants in CNT samples once some elements, as Cd and Pb were found at relatively high level. Other elements, such as Al, Cu, Co and Mg, were found in mg kg -1 levels in some samples and, depending on the industrial application, they can affect the properties of the final materials. 9, 10, 12 In Table 5 it is possible to see that DSS-ET AAS allowed LODs ranging from 2 to 200 times lower than the values obtained with digestion methods even using ICP-MS which is generally considered as a powerful technique for the determination of trace elements. Values for LOD were calculated for the maximum applicable sample mass for each method that was 7, 50 and 200 mg for DSS-ET AAS, microwave-assisted wet digestion and MIC, respectively. Using the wet digestion method, solid residues of non decomposed material remained for sample masses higher than 50 mg, which is considered a disadvantage for obtaining low LODs.
In the present work RSDs were relatively low for results obtained by DSS-ETAAS showing that the investigated materials can be considered as homogeneous even using sample masses limited to 7 mg due to the platform sample mass capacity. It is important to mention that the proposed DSS-ET AAS method does not require a previous time consuming sample treatment then allowing the reduction of analyte losses and contamination risks. On the other hand, residues generation and manipulation of concentrated acids conventionally used in decomposition methods can be avoided in DSS-ET AAS.
Conclusions
The increasing use of carbon nanotubes especially in industry and medicine requires the development of suitable analytical methods for the determination of metal impurities in this kind of material. The proposed DSS-ET AAS method showed to be suitable for this purpose. Eight elements could be determined in CNTs with calibration performed using aqueous standard solutions, without the use of chemical modifiers and with a relatively high sample mass (7 mg). Especially when considering analysis time, simplicity, reagents consumption, residues generation and achievable low limits of detection, DSS-ET AAS can be considered as an advantageous method for quality control of metal impurities in CNTs.
